Abstract-In this paper we present the performance evaluation of an Ultra Wide Band (UWB) radio-frequency identification (RFID) system for ranging and tracking of passive tags. A UWB channel model is derived from antenna backscattering measurements. A specific physical layer is proposed. Based on this channel model and physical layer, a performance analysis is carried out through realistic simulations on both TOA estimations and tag location tracking.
I. INTRODUCTION
The Radio frequency identification (RFID) technology provides real-time identification for several applications including logistics, supply and retail chain management, access control and vehicle security [1] . One of the new important requirements for this technology is the accurate localization at the submeter level, which cannot be achieved by the standard continuous wave oriented communication in the ultra-highfrequency (UHF) band, because of the intrinsic limitation of narrow band signals with limited SNR. Recently it has been shown that the Impulse Radio -Ultra Wide Band (IR-UWB) is a very promising technique, which could meet the stringent requirements of passive tag localization in terms of accuracy [2] . In [3] a UWB passive RFID scheme has been proposed, showing its potential operating range/data rate trade-off. The advantage of such a technology is to provide the typical accuracy of UWB real time location systems (RTLS) by employing a very simple tag, which implements the backscattering modulation instead of using a complete UWB active transmitter. However one of the most important issues in these systems is energy supply. Combining UWB passive RFID with already existent UHF technologies could be a possible solution [4] . Nevertheless a performance analysis of the ranging capabilities and the location accuracy in passive RFID has to take into account the backscattering channel properties [5] . Here we assess the TOA-based ranging and tracking performances of passive RFID systems based on a realistic UWB reader architecture and a channel model derived from antenna backscattering measurements. Section II presents the measurement results and the channel model employed in the simulations. Section III introduces the reader architecture and Physical (PHY) layer for Time Of Arrival (TOA) estimation.
In section IV we show simulation results regarding TOA-based UWB passive tag tracking. Finally, some conclusions are given in Section V.
II. UWB BACKSCATTERING PROPAGATION
Backscattering propagation in realistic environments is strongly dependent on the antenna properties and the indoor channel itself. In this section we present the backscattering antenna measurements carried out at CEA-LETI and a channel model suited to the UWB passive RFID.
A. UWB Antenna Backscattering
It is well known that antenna backscattering is composed by two components, namely the structural and antenna modes [6] . The first one is related to the antenna as an object, which has a given radar signature due to its shape, dimensions and material. The second one depends on the antenna radiation properties and the antenna load, which can be modulated in passive RFID systems. Obviously the antenna backscattering is angular and polarization dependent and it can be mathematically represented by a multi-port network [7] . In particular for a given direction and polarization ξ the backscattering of a single port antenna ν can be described as in Fig. 1 . Thus, for a given angle and load, the frequency dependent antenna backscattering transfer function H BS,L (f ) can be expressed as follows:
where S s 11 represents the structural mode. The second part of (1) represents the antenna mode, which depends on the load
, the antenna reflection coefficient S 11 and the realized gain (| S 1ξ S ξ1 |). As a consequence when the antenna is loaded with the reference impedance Z L = Z 0 only the structural part is measured. If the antenna is well matched, i.e. small reflection coefficient S 11 , the antenna mode of the short circuit load (i.e. Γ L = −1) is about the opposite of the antenna mode of the open load (i.e.
The antenna backscattering patterns of a monopolar wire-patch antenna, derived from [8] and a chip Taiyo-Yuden antenna [9] have been measured in anechoic chamber at CEA-LETI in a quasi-monostatic configuration by employing two horn reference antennas. Both antennas are designed to work in the lower part of the UWB band but they present different radiation properties. The first one present the typical monopolelike characteristics with good omnidirectional properties on the azimuth plane, while the second one can present a directional pattern according to the influence of the PCB. The calibration, as well as time gating, to separate the antenna backscaterring from coupling and residual reflections in anechoic chamber, were performed in post-processing [10] . In Fig. 2 and Fig. 3 we show the backscattered pulse of the two antennas in two different direction of the azimuth plane. The antenna response was obtained by inverse Fourier transform of (1) between 3 and 5 GHz. The sign inversion is verified for both antennas, but the pulse amplitude depends on the considered angle according to the radiation properties. In Fig. 4 we show the normalized azimuth patterns of the antenna and the structural model, averaged over the 3-5 GHz band. It interesting to notice that the antenna mode is quite different for the two antennas, according to their radiation properties, i.e. omnidirectional for the wire-patch antenna and slightly directional for the chip antenna. On the other hand the structural mode is quite similar for the two antennas, despite their different shapes. This is is due to the fact that the antenna positioning system employed in measurements is the same. Its radar cross section is larger than the structural mode of the Antenna Under Test (AUT) and its effect cannot be isolated by time gating, since it is at the same distance of the AUT itself. 
B. UWB Antenna Backscattering Channel Model
For a given antenna orientation and polarization at distance d, the free-space round-trip budget is given by:
where Gr(f ) is the reader's antenna realized gain, λ the wavelength and σ(f ) is the antenna cross section that can be obtained from:
Classical indoor channels have been widely investigated and standardized by the the IEEE 802.15.4a [11] . However these "one-way" channel models are not suited to evaluate the performance of passive RFID systems, which are based on a round-trip backscattering. Moreover tracking algorithm evaluation requires a dynamic channel model. In [12] a dynamic channel model is proposed to account for small-scale spatial correlation effects under mobility. At a given position p the channel impulse response (CIR) is given by the classical Saleh-Valenzuela model:
where L represents the number of clusters, K l is the number of rays in the l-th cluster, T l is the TOA of the l-th cluster, α k,l , ϑ k,l and τ k,l respectively represent the amplitude, phase and relative excess delay associated with the k-th ray within the lth cluster, and δ is the Dirac function. The angle of arrival (AoA) of the l-th cluster is uniformly distributed between [0, 2π[, while the excess angle of the k-th path within the cluster follows a Laplace distribution. During the movement the model removes non-physical clusters and adds new ones in order to heuristically preserve IEEE 802.15.4a statistical features over larger-scale trajectories. In multi-path channels we should consider the bi-static antenna backscattering response in order to account for all AoA and angles of departure (AoD) at the tag. However, since omnidirectional antennas are employed, the bi-static antenna response can be approximated by the monostatic one. In this case, by considering a 2D problem in first approximation (Azimuth), the angular dependent antenna temporal backscattering response h BS (τ, φ) along the AoA φ k,l is convoluted with the k-th path of the l-th cluster, and with the CIR in all the angles of departure, in order to accounts for the "two-way" nature of the round-trip, leading to the complete two-way temporal backscattering channel response to the only k-path within the l-cluster :
where ⊗ denotes continuous convolution. The total backscattering channel response is obtained by summing all the multipaths backscattering components:
Then the channel response is normalized in order to take into account the antenna gain of the reader and the path loss exponent (given by (3)), here considered as in the free-space.
In the simulation results presented in the next sections, residential Line Of Sight (LOS) CM1 scenarios are considered [11] , by using omnidirectional antennas on the reader side and a wire-patch antenna on the tag. An example of complete backscattering CIR is shown in Fig. 5 . 
III. TIME BASED RANGING
In our UWB localization system, a pulse train is sent within a time frame by the reader. The pulses are backscattered by the tag, which realizes the signal coding by means of load modulation. Once received by the reader, the backscattered pulses are processed to get the Round Trip Time of Flight (RT-ToF) which is finally converted into distance information.
A. PHY Layer Considerations and Rx Architecture
The main objective of the system considered herein is to identify and locate tags within a mesh network of readers. The first task of the reader is to properly synchronize the received useful signal incoming from the considered tag. Once the synchronization is done, the reader can demodulate the data to access the identification information and precisely estimate the TOA. The considered frame structure is described in Fig. 6 . The frame length should be chosen in order to reach a tradeoff between the latency of the system and the processing gain. The preamble must be long enough to realize synchronization and the coherent integration time should sufficiently increase the Signal to Noise Ratio (SNR) to extend the transmission range. A spreading code is employed to enable multiple access capability and to separate the useful received signal from the clutter. This spreading code is generated via load modulation into the tag unit [3] . Code chips are mapped to the signal via pulse polarity. It has to be noticed that several pulses per code chip should be needed to reduce the possible tag clock drift effect. However in this paper clock tag drift error is neglected for simplicity in first approximation. Summarizing, each frame of duration T f , is composed by N s symbols of duration T s . Each symbol b n is made of L c tag's code chips. Code values c n ∈ {−1, +1} are obtained from a zero mean Gold code. The chip of duration T c is composed by N p identical pulses with a given pulse repetition period T p . Thus the overall frame duration is given by
The transmitted frame can be expressed as follows :
The received signal at the reader is given by:
where n(τ ) is an additive white Gaussian noise filtered in the band of the useful signal and CIR BS (τ, p) is the backscattered CIR given by (7) . The proposed receiver is based on the architecture presented in [13] , (see Fig. 7 ). The signal is down-converted to baseband, then the pulse is mixed up with a quadrature oscillator at 400 MHz and integrated over a duration T int (i.e. sinusoid period). The four output samples II, IQ, QI and QQ are finally digitized. In this paper, it is assumed that the frame synchronization process has been successfully performed. From the sum of these four samples squared, the signal energy z k in each integration window of index k is evaluated, and a coarse estimation of the TOA is obtained with a 1 ns precision. Out of quantized outputs (i.e. II, IQ, QI, QQ), the angle between in-phase and quadrature channel samples is computed to determine precisely the arrival time of one received pulse within the current time window, and hence to increase further the TOA estimation accuracy down to 125 ps as shown in [13] . In typical applicative industrial environments, the received pulse signal is affected not only by noise, but Proposed RF front end architecture to demodulate the UWB backscattered signal Fig. 8 . TOA estimation algorithm description also by dense multi-path and strong clutter. Even in LOS condition, such environments can lead to inaccurate and biased ranging estimation. In this context, the non-coherent algorithm for coarse TOA estimation described in [14] , called Serial Backward Search for Multiple Cluster (SBS-MC), is used. It is a leading edge searching and thresholding algorithm that has demonstrated high multi-path mitigation capability. The principle of this algorithm is depicted in Fig. 8 [15] where the rectangular bins represent the windows of energy z k . The TOA search procedure begins from the sample index with the highest energy n max , and it continues backward till the energy of the tested sample exceeds a threshold ξ contrarily to the D successive following samples. In this paper, the threshold retained is a function of the SNR estimated in the synchronization process. In [15] it has been shown that a simple threshold comparison (i.e. the TOA estimate being associated with the index of the first sample exceeding the threshold) yields better performance for high SNR values. Thus, for coarse ranging, a combination of the SBS-MC and a simple threshold comparison (TC) has been used: for low SNR values a SBS-MC algorithm is exploited, otherwise simple TC is applied. Finally, fine ranging (via the angle between in-phase and quadrature channel samples) is processed within the time window which index is given by the coarse TOA estimation algorithm.
B. Simulation Results
This section gives simulation results regarding TOA-based ranging accuracy. The pulse has a 1st order Gaussian shape. The frame is composed as described in Fig. 6 , with in particular a code length of 1023 with 8 pulses per code chip. Assuming for this simulation that the tag is static, each point on the plot with a step of 1m represents 500 independent realizations of our backscattering channel model fed with CM1 propagation parameters. By means of the TOA estimation algorithm described above, the standard deviation of the ranging error is reduced down to less than 30 cm in a wide span of transmission ranges, in compliance with the targeted logistics application ([0m, 8m]). The error increases then rapidly with the distance due to very poor SNR conditions. For instance at a tag-reader distance of 12m, the standard deviation of the TOA estimation is 92cm for a CM7 channel.
IV. TOA-BASED TRACKING OF PASSIVE TAGS
In this section a localization and tracking filter adapted to our context is described. The natural choice for such a filter in a non linear Gaussian case is the Extended Kalman Filter (EKF). We assume a canonical tracking scenario, where four readers surrounding the scene of interest are set at fixed known locations and serve as anchors.
A. Tracking Filter Structure and Model
The vector describing the dynamic state of the tag in two dimensions is expressed as follows :
where (x
y ) are respectively the position, speed and acceleration components of the tag. The state model equation is given by :
where F is a superior triangular matrix setting the classic dynamic linear evolution model as in [16] and dt is the time increment of the filter, which is equal to the refresh rate in our simplified case. This refresh rate is supposed consistent with the total frame duration. Vector W k is given by:
where (w
Vx , w ri being the RT-ToF measurement at instant k of the i-th reader's transmitted signal. The observation equation is expressed as :
where V k represents the measurement noise vector at instant k. The non-linear function H in the observation equation links the state to each measurement via the following relation :
ri (15) with (x
ri ) being the coordinate of the i-th reader, and v (k) ri , component of V k , a centered Gaussian noise affecting the i-th TOA measurement. The measurement noise covariance matrix is set in coherence with the results obtained regarding the TOA-based ranging error (section III).
B. Simulation results
In the bi-dimensional scenario, we consider a 10m x 10m square room with four readers positioned at the corners and one tag moving with a maximum speed of 3m.s −1 and a maximum acceleration of 0.35 m.s −2 . For the simulations, the signal is generated according to sections II and III, and the propagation model described in section II is applied. The modeled received signal is processed as in section III, and a fine TOA estimate is get using the described estimation algorithm. The RT-ToF measurements of the four reader's transmitted signal compose the observation vector of the tracking filter. One illustrating simulation result is shown in Fig. 10 . The estimated trajectory presents a good agreement with the real trajectory for most of the trajectory. The Root Mean Square Error (RMSE) along the trajectory is 18.2 cm.
In the same scenario, we performed simulations over 100 random tag trajectories. Table I gives the results in terms of averaged RMSE (in meters) of the estimated tag position along the trajectory, for different values of maximum speed, V max , and refresh rate R r = dt.
V. CONCLUSION
In this paper we have presented an analysis of passive UWB RFID systems based on backscattering modulation. The analysis was carried out by employing a hybrid channel model which combines antenna backscattering measurements and an IEEE 802.15.4a compliant dynamic channel model. The TOA estimation is based on the architecture of an already integrated receiver and performed by means of SBS-MC and TC combination. Results show that TOA error is compatible with targeted application below 10m, but dramatically increases for larger transmission ranges, because of the poor link budget in passive schemes. Then the derived TOA model has been used to illustrate the performance of a tracking EKF in one canonical scenario. It has been shown that a four readers grid in a 10 m 2 room enables a submeter accuracy while tracking UWB passive tags.
